The intermediate filament protein, nestin, has been implicated as an organizer of survival-determining signaling molecules. When nestin expression was related to the sensitivity of neural progenitor cells to oxidant-induced apoptosis, nestin displayed a distinct cytoprotective effect. Oxidative stress in neuronal precursor cells led to downregulation of nestin with subsequent activation of cyclindependent kinase 5 (Cdk5), a crucial kinase in the nervous system. Nestin downregulation was a prerequisite for the Cdk5-dependent apoptosis, as overexpression of nestin efficiently inhibited induction of apoptosis, whereas depletion of nestin by RNA interference had a sensitizing effect. When the underlying link between nestin and Cdk5 was analyzed, we observed that nestin serves as a scaffold for Cdk5, with binding restricted to a specific region following the alpha-helical domain of nestin, and that the presence and organization of nestin regulated the sequestration and activity of Cdk5, as well as the ubiquitylation and turnover of its regulator, p35. Our data imply that nestin is a survival determinant whose action is based upon a novel mode of Cdk5 regulation, affecting the targeting, activity, and turnover of the Cdk5/p35 signaling complex.
Introduction
The intermediate filament (IF) protein nestin is specifically expressed in progenitor cells of the central nervous system (CNS) and myogenic tissue (Lendahl et al, 1990; Sejersen and Lendahl, 1993) . Upon differentiation, nestin expression is downregulated (Lendahl et al, 1990; Sejersen and Lendahl, 1993) , with the exception of specific sites, such as the neuromuscular (NMJ) and myotendinous junctions (MTJ) in adult muscle (Vaittinen et al, 1999 (Vaittinen et al, , 2001 . Nestin expression is upregulated in the adult under pathological conditions, such as the formation of the glial scar after injury to the CNS (Frisen et al, 1995) , during regeneration of injured muscle tissue (Vaittinen et al, 1999 (Vaittinen et al, , 2001 , and in neuroepithelial tumors (Dahlstrand et al, 1992; Tohyama et al, 1992) . Although very little is known about the functions of nestin, recent evidence indicate that nestin may be important in the distribution and organization of critical cellular factors regulating cell proliferation, survival, and differentiation (Shen et al, 2002; Bieberich et al, 2003 Bieberich et al, , 2004 Chou et al, 2003; Sahlgren et al, 2003) .
An emerging function of IF-networks is their role as scaffolds upon which intracellular kinases are organized (Toivola et al, 2005) . These interactions not only regulate the phosphorylation and assembly state of the IFs but also regulate the activity of the kinases. One of the proteins associated with the IF-protein nestin is cyclin-dependent kinase 5 (Cdk5), which is a key regulator of neuronal development (Ohshima et al, 1996) and normal neuronal function (Cheung and Ip, 2004; Cruz and Tsai, 2004) . The activity of Cdk5 is regulated through association with specific protein activators, including p35, p39, and p67 (Lew et al, 1994; Tang et al, 1995; Veeranna et al, 1997; Humbert et al, 2000) . In addition to its regulatory roles in neurons, Cdk5 is important in regulating the differentiation, organization, and signal transduction in muscle tissue (Lazaro et al, 1997; Philpott et al, 1997; Fu et al, 2001) . Disturbances in the regulation of Cdk5 have detrimental effects, as demonstrated by studies linking deregulation of Cdk5 to several neurodegenerative disorders, including Alzheimer's disease (Pei et al, 1998; Ahlijanian et al, 2000) , Parkinson's disease (Brion and Couck, 1995) , and amyotrophic lateral sclerosis (Bajaj et al, 1999; Nguyen et al, 2001) . Deregulated Cdk5 activity has also been associated with neuronal cell death under normal as well as pathological conditions Zhang et al, 1997; Patrick et al, 1999; Zhang and Johnson, 2000; Gao et al, 2001) . Various neurotoxic insults, including ischemia and oxidative stress, induce hyperactivation of Cdk5 with fatal consequences for the cell (Lee et al, 2000; Strocchi et al, 2003) . On the other hand, lack of Cdk5 activity also results in neuronal cell death (Ko et al, 2001 ) emphasizing that appropriate control of Cdk5 activity is crucial for normal cellular homeostasis.
The activity of Cdk5 is regulated by protein-protein interactions with both regulatory and target molecules (Grant et al, 2001) . We have previously shown that Cdk5 is associated with nestin in differentiating myoblasts, in progenitor cells of the CNS, and at NMJs (Sahlgren et al, 2003) . Inhibition of Cdk5 activity induced an increased association of p35 with nestin, indicating that there is a continuous turnover of Cdk5/p35 activity on a scaffold formed by nestin (Sahlgren et al, 2003) .
Prompted by the previously observed association between nestin and Cdk5, and we wanted to determine how this interaction affects the organization and operation of Cdk5. The physiological significance of the interplay between Cdk5 and nestin is here demonstrated by experiments in which degradation of nestin is shown to be a prerequisite for activation of Cdk5 and induction of apoptosis during oxidative stress. Nestin serves as a scaffold for Cdk5, and the organization and presence of this scaffold affects the organization, stability, and activity of the Cdk5/p35 signaling complex.
Results
Oxidative stress in neuronal precursor cells leads to proteasome-mediated degradation of nestin and induction of apoptosis When neuronal progenitor ST15A cells were treated with hydrogen peroxide (H 2 O 2 ) (100mM) to induce oxidative stress, the cells rapidly downregulated nestin with almost complete nestin depletion at 5-6 h of treatment ( Figure 1A ). Following nestin depletion, apoptotic execution was triggered in the cells, as reflected by the cleavage of vimentin and poly[ADP-ribose] polymerase (PARP), both of which are good markers for caspase-3 activity ( Figure 1A ). Apoptosis, as the mode of cell death induced by H 2 O 2, was further verified by chromatin condensation as visualized by DAPI staining ( Figure 1A ) and flow cytometry analysis of propidium iodide-labeled cells (Supplementary Figure 1) . Nestin downregulation preceded the activation of effector caspases, as at the time of nestin downregulation, only very weak cleavage of PARP or vimentin could be observed, and only a few apoptotic cells (o10%) were present ( Figure 1A) . Downregulation of the coexpressed IF-proteins, nestin, and vimentin, proceeded with different kinetics. While no intact nestin could be detected in the completely detached (apoptotic) cells, both intact and caspase-cleaved vimentin products were detected ( Figure 1B ). Also the mechanism of downregulation was different. Conversely to vimentin cleavage, which occurred as a caspase-dependent process as previously described (Byun et al, 2001) , the observed downregulation of nestin was not due to caspase activity. Nestin downregulation could not be inhibited by the general caspase inhibitor Z-VAD ( Figure 1C ) and analysis of the nestin sequence revealed that nestin, in contrast to vimentin, lacks consensus sites for caspase cleavage. Instead, nestin depletion was efficiently inhibited by the proteasome inhibitor MG-132 ( Figure 1C ), indicating that the degradation of nestin is a proteasomedependent process.
Downregulation of nestin sensitizes neuronal progenitor cells to oxidant-induced cell death
As our data indicated that nestin downregulation could be a prerequisite for execution of oxidant-induced cell death, we employed RNA interference to analyze the effect of nestin depletion prior to subjecting the cells to oxidative stress. Downregulation of nestin was confirmed by Western blotting, (Figure 2A) . A scrambled vector was used as a control throughout the experiments. Downregulation of nestin clearly sensitized the cells to oxidant-induced cell death. Already at 4 h of exposure to H 2 O 2 , there was a clear increase in the number of apoptotic cells among nestin-depleted cells (35-45% apoptotic cells), as compared to untransfected cells and cells transfected with the scrambled vector (o10% apoptotic cells; Figure 2B ). The effect was even more obvious at 6 h of H 2 O 2 treatment (450% apoptosis among nestindepleted cells; Figure 2B ). These results corresponded well to the results obtained with a cell viability assay, using MTT (3-(4,5-dimetyltiazol-2-yl)-2,5-difenyltetrazoliumbromid). The latter assay showed that at 4 h of H 2 O 2 exposure, cell survival in nestin-depleted cells was 60%, as compared to more than 90% in cells transfected with the scrambled vector, and at 6 h of H 2 O 2 treatment, cell survival of nestin-depleted cells was 40% as compared to 65% in control cells ( Figure 2C ). The nestin depletion-mediated sensitization to apoptosis was further verified by measuring cleavage of PARP ( Figure 2D ).
The presence of nestin protects neuronal progenitor cells from cell death mediated by oxidative stress In order to further investigate a possible protective role for nestin, we transfected ST15A cells with GFP-tagged wild-type nestin (nest-1893) and subjected the cells to H 2 O 2 -treatment. Cell death was specifically determined in cells positive for nest-1893. Cell death among cells not expressing GFP-tagged nestin in the same cell population was used as reference. Cell death among a mock and GFP transfected cell population was used as an additional control (Supplementary Figure 2) . Apoptosis was determined by chromatin condensation visualized by DAPI staining. Expression of nestin had a protective effect with o2% cell death in cells expressing nest-1893 as compared to 47% in cells not expressing nest-1893 ( Figure 3 ). Apoptosis in mock-transfected cells was 49% corresponding to the amount of cell death in cells not expressing GFP-tagged nestin among the transfected population (Supplementary Figure 2) .
Nestin downregulation is associated with increased Cdk5 activity
IFs provide a framework for a vast number of signaling molecules, and have been shown to regulate essential cellular processes through the interactions with critical signaling components. As recent reports indicate that Cdk5 is activated upon oxidative stress and has an apoptosis-promoting role in neurotoxicity (Gong et al, 2003; Strocchi et al, 2003; Shea et al, 2004; Zambrano et al, 2004) and we have previously shown that nestin can serve as a scaffolding molecule for Cdk5 (Sahlgren et al, 2003) , we wanted to determine whether the nestin-mediated modulation of oxidant-induced cell death could be a consequence of nestin-Cdk5 interactions. Cdk5 activity increased during oxidative stress as determined by increasing levels of p35, the protein activator of Cdk5, and by kinase assay. Cdk5 activity showed an inverse relationship to the nestin levels, as both the expression of p35 and the activity of Cdk5 started to increase at 5 h of H 2 O 2 exposure, with a marked elevation at 6 h ( Figure 4A ), when nestin was completely depleted ( Figure 1A ). As nestin has previously been shown to be a substrate for Cdk5 (Sahlgren et al, 2003) , we tested whether nestin degradation could be regulated by Cdk5. Inhibition of Cdk5 activity by roscovitine or transfection with dnCdk5 reduced nestin degradation, indicating that Cdk5 is involved in regulation of nestin turnover (Supplementary Figure 3) .
Enhanced sensitivity of nestin-depleted cells is associated with increased activity of Cdk5
While nestin-depleted cells displayed a marked sensitization to cell death mediated by oxidative stress, we aimed at determining whether the increased sensitivity could be related to changes in Cdk5 activity. Depletion of nestin did not affect Cdk5 activity in untreated cells, but the nestindepleted cells showed a clearly elevated activity at 5 h of H 2 O 2 Furthermore, the increased sensitivity of nestin-depleted cells to oxidative stress was reversed by expression of dnCdk5 ( Figure 4C ), placing Cdk5 downstream of nestin in the sequence of signaling events leading to oxidant-induced cell death.
Analysis of Cdk5-binding domains on nestin
In order to identify the Cdk5-binding domains on nestin, we generated a series of deletion mutants of nestin. The series of mutants comprised the a-helical IF rod domain (nest-314), two constructs with increasing length of the C-terminal tail (nest-640 and nest-1177, respectively), and a construct corresponding to the last 332 amino acids (nest-T332) of the C-terminal domain in addition to the previously generated full-length nestin (nest-1893) (see Figure 5A ). These constructs were transiently transfected into ST15A cells and their subcellular organization, assembly properties, and protein stability were analyzed. Most of the endogenous nestin occurs as filaments with a small pool of soluble protein ( Figure 5B , left panel). Full-length nestin, nest-1893, and nest-314, were both incorporated into filaments (detergentinsoluble pellet, P) with little protein in the soluble fraction (detergent-soluble supernatant, S) ( Figure 5B , right panel). Nest-T332 was not able to form filaments, and remained soluble ( Figure 5B , right panel), which is not surprising, as it does not contain the IF-specific alpha-helical domain, which is required for filament formation. The truncated mutants showed an altered polymer equilibrium, as nest-640 and 1177 were distributed between both soluble and insoluble pool, resulting in a clear increase of soluble nestin present in the cell ( Figure 5B , right panel). These results were further corroborated by immunofluorescence microscopy (data not shown).
The truncations in the nest-640 and nest-1177 had an apparent stabilizing effect on these proteins, with approximate half-lives of 44 h, as compared to the endogenous nestin, which has an exceptionally short half-life o1 h, as measured by cycloheximide chase assays (Tao He, Cecilia Sahlgren, Adolfo Rivero-Muller, Mikko Nieminen, HannaMari Pallari and John E Eriksson, unpublished results). The stabilization was reflected as very high expression levels of the truncated proteins, as compared to full-length nestin ( Figure 5B , right panel). ST15A cells transfected with nest-640 were subjected to H 2 O 2 treatment. The mutant showed a marked stability during oxidative stress as compared to endogenous nestin, and the protein levels remain unchanged up to 8 h of H 2 O 2 treatment ( Figure 5C ). Similar results were obtained with nest-1177 (data not shown).
The Cdk5-binding properties of the truncated proteins were analyzed by co-immunoprecipitation assays. Nest-640 and nest-1177 co-immunoprecipitated with Cdk5 ( Figure 5D ). In contrast, the nestin peptide nest-T332 ( Figure 5D ) did not interact with Cdk5. Cdk5 did not interact with the nestin fragment nest-314, as shown by the inability of the insoluble nest-314 fragment to co-IP with Cdk5 or to sequester Cdk5 to the filament pellet fraction (for results and experimental details see Supplementary Figure 5 ). While nest-640 bound to Cdk5 equally well as nest-1177, these results restricted the Cdk5 binding to a region (314-640aa) on the C-terminal, following the alpha-helical domain of nestin.
Expression of nestin protects neuronal progenitor cells from oxidative stress-induced apoptosis through negative regulation of Cdk5 death promoting activity
As nest-640 and nest-1177 interacted with Cdk5 and showed increased stability in oxidative stress, expression of these mutants seemed to be a promising basis for further elucidating the role of the Cdk5-nestin interplay in modulating the sensitivity to oxidative stress induced cell death. To specifically address the protective effect of the truncated mutants, ST15A cells were transfected with nest-640 or nest-1177 and apoptosis was determined ( Figure 6 ). The truncated mutants showed similar inhibition of apoptosis as the full-length protein (Figure 3) , as approximately 7% of the cells expressing nest-640 as compared to 42% of cells not expressing nest-640 showed condensed chromatin at 6 h of treatment ( Figure 6 ). The result was similar when nest-1177 expressing cells were compared to non-expressing cells, 12 versus 37% ( Figure 6 ).
To further address the regulatory roles of the Cdk5-nestin complex in oxidant-mediated apoptosis, we analyzed the overall effect of combined or separate transfections of nest-640, nest-1177, Cdk5, and dnCdk5. The transfected cells were subjected to H 2 O 2 treatment; overall cell viability was analyzed by the MTT assay and activation of the caspase machinery by cleavage of PARP. In line with the cell viability assay in Figure 4C , dnCdk5 protected the cells from oxidantinduced cytotoxicity. Survival in dnCdk5 expressing cells was approximately 75%, as compared to 65% in mock-transfected cells at 6 h ( Figure 7A) . Expression of the Cdk5-interacting nestin peptides 640 and 1177 also had a protective effect and increased survival to 79 and 78%, respectively, at 6 h as compared to 65% in mock transfected cells ( Figure 7A ). The effect of nestin overexpression could be reversed by co-transfection with Cdk5, showing that the effect is due to inhibition of the proapoptotic Cdk5 activity in cells expressing the nestin peptides ( Figure 7A ). These results were further supported by PARP cleavage assay, in which the degree of PARP cleavage corresponded to the observed reductions in cell viability ( Figure 7B ).
The observed protective effect of nestin could be based upon an interaction between p35, Cdk5, and nestin during oxidative stress. This assumption was supported by co-immunoprecipitation analysis ( Figure 7C ), which showed that Cdk5, p35, and nestin occur in the same complex in stressed cells. We then analyzed whether this interaction could affect the cleavage of p35 to p25, which has been shown to be a central component of neuronal death induced by various neurotoxic insults (O'Hare et al, 2005) . Generation of p25 leads to deregulated Cdk5 activity by the enhanced stability of the Cdk5/p25 complex and a switch in the normal localization of Cdk5 activity. We detected the presence of p25 in oxidant-treated cells, with increasing p25 levels after 4-6 h of H 2 O 2 -treatment ( Figure 7D, upper panel) . The generation of p25 at 4-6 h of H 2 O 2 -treatment ( Figure 7D ) corresponded well to the kinetics of nestin depletion ( Figure 1A ) and Cdk5 activation ( Figure 4A ). In contrast, the generation of p25 was clearly reduced in cells overexpressing nestin, indicating that nestin increases the stability of p35 and blocks cleavage to p25 ( Figure 7D, lower panel) .
The neurotoxic action of Cdk5 has been linked to a change in the subcellular distribution of Cdk5 activity, mediated by p25. It has been proposed (O'Hare et al, 2005) that nuclear localization of Cdk5-p35/p25 would be toxic whereas cytoplasmic Cdk5/p35 would have a protective effect. Oxidative stress induced an accumulation of overall p35 immunoreactivity in the nucleus associated with a decrease of cytoplasmic labeling (Supplementary Figure 6A) . The effect of nestin on the subcellular organization of p35/p25 during oxidative stress was examined by transfecting ST15A cells with p35 together with nest-640 or nest-1177 and treated with H 2 O 2 for 6 h. Analysis of p35 colocalization with nest-640 and nest-1177 ( Figure 7E ) indicates that the overexpressed nestin has the ability to sequester p35, as p35 remained colocalized in the cytoplasm together with nestin, while the cytoplasmic labeling was lost in GFP transfected cells (Supplementary Figure 6A) . To further examine the effects of nestin on p35 dynamics, a nuclear enrichment protocol was used to determine whether p25 was accumulating in the nuclear fractions of control and H 2 O 2 -treated GFP and nestin expressing cells. In cells transfected with GFP, p25 was detected in the nuclear fraction at 6 h of oxidant-treatment. In contrast, in nestinoverexpressing cells, the level of p25 in this fraction was clearly reduced (Supplementary Figure 6B) .
Nestin affects the sequestration and turnover of the active Cdk5/p35 complex
Our data indicate that the presence of nestin has an inhibitory effect on the proapoptotic action of Cdk5 during oxidative stress and points to sequestration of the Cdk5/p35 complex as a possible mechanism for the protective effect of nestin. To further elucidate if nestin has the ability to sequester the Cdk5/p35 complex, we utilized the apparent stability and the changed polymer equilibrium of the nestin mutants. The active Cdk5/p35 complex is normally translocated to the membrane due to a myristylation signal on p35 (Patrick et al, 1999) . To determine if expression of the partially soluble nestin peptides affects the subcellular distribution of the active Cdk5/p35 complex, p35 was cotransfected with the different nestin constructs into ST15A cells followed by fractionation of detergent extractions. The subcellular localization of Cdk5 activity was determined by the presence of p35 ( Figure 8A ) in the different fractions (whole-cell extract (WCE) prior to centrifugation, soluble fraction after centrifugation, S, and insoluble pellet after centrifugation, P) and by a kinase activity assay ( Figure 8B ) of the soluble fraction (S) in comparison to the overall kinase activity following preclearing of the WCE (as outlined in Materials and methods). p35 was normally associated with the detergent insoluble fraction ( Figure 8A ). In contrast, the distribution of p35 was significantly altered if p35 was coexpressed with the soluble nestin fragment nest-640 ( Figure 8A ), with the protein shifted from the pellet to the soluble fraction in the presence of nest-640. Cdk5 kinase assays further corroborated that the stabilized (and to a significant extent soluble) nestin mutants had the capacity to alter the distribution of the Cdk5/p35 complex. Control cells showed no or very low Cdk5 activity, whereas p35-transfected cells displayed a marked increase in the overall Cdk5 activity in ST15A cells ( Figure 8B ). No change in the overall Cdk5 activity in the whole-cell lysate was detected when p35 was co-transfected with either nest-T332 or nest-640 ( Figure 8B , right side of the panel). However, when the activity in the soluble fraction was analyzed, in contrast to extracts from mock-transfected cells, in which Cdk5 activity was associated with the insoluble cytoskeletal fraction (as evident by the absence of activity in the soluble fraction), the Cdk5 activity in cells overexpressing nest-640 was primarily shifted to the soluble fraction ( Figure 8B , left side of the panel). The nest-1177 nestin fragment had a similar effect on the distribution of p35 and Cdk5 activity (data not shown), whereas overexpression of the soluble nestin fragment nest-T332, which does not bind to Cdk5 (Figure 4C ), did not affect the distribution of Cdk5 activity ( Figure 8B ). Coimmunoprecipitation experiments of cells show that p35 interacts with nest-640 ( Figure 8C ) and nest-1177 (data not shown); further supporting the indication that nestin has the ability to sequester the active Cdk5/p35 complex. Cdk5/p35 activity is subjected to a negative feedback regulation through the Cdk5-mediated ubiquitylation and subsequent degradation of p35 (Patrick et al, 1998) . Based on our observations of the sequestering properties of nestin, we examined the role of nestin fragments on the turnover of p35. ST15A cells were co-transfected with nest-640 and HA-ubiquitin and treated with or without the proteasome inhibitor MG-132. The analysis demonstrated that p35 was considerably less ubiquitylated in cells overexpressing nest-640, as demonstrated both for the whole-cell lysate and co-immunoprecipitations of HA-ubiquitin and p35 -19) antibody. Arrows denote p35 or p25, and asterisks denote unspecific bands (note that the unspecific second band un the upper panel disappears while p25 is generated). (E) Analysis of the colocalization of p35/p25 with nest-640 and nest-1177 at 6 h of H 2 O 2 -treatment by confocal microscopy (for further analysis of the nuclear localization of p25, see Supplementary Figure 6B ).
( Figure 9A ). In agreement with its effect on ubiquitylation, nest-640 had a considerable stabilizing effect on p35. In cells cotransfected with nest-640, the p35 expression levels were consistently higher than in cells transfected with p35 alone ( Figure 9B , 0 h). Furthermore, in cycloheximide chase assays, nest-640 coexpression resulted in significantly increased half-life of p35 ( Figure 9B ).
Discussion
A nestin scaffold links Cdk5 signaling to oxidative stress-induced cell death Recent evidence point to a role for nestin in the distribution and organization of critical cellular factors regulating cell proliferation, survival, and differentiation (Shen et al, 2002; Bieberich et al, 2003 Bieberich et al, , 2004 Chou et al, 2003) . Our previous observations on the association between nestin and Cdk5 and recent data on the involvement of Cdk5 in oxidative stressinduced cell death prompted us to explore whether this interaction could constitute a mechanism for regulating Cdk5, and thereby influence the outcome of oxidant-induced stress. In our study, downregulation of nestin was a prerequisite for activation of Cdk5 and induction of apoptosis during oxidative stress. Aberrant expression of nestin altered normal sequestration of Cdk5 activity, thereby preventing Cdk5 from inducing apoptosis. Depletion of nestin sensitized the neuronal precursor cells to oxidative stress by unleashing the control of Cdk5 activity from nestin-mediated regulation. Cell viability is not affected in nestin-depleted cells in the absence of oxidative stress, indicating that depletion of nestin is not sufficient to induce death. Thus, the low level of Cdk5 activity normally present in the cell does not seem to be enough to induce the apoptotic cascade, although the signaling complex would be released by the absence of nestin, but requires an additional stimulus provided by oxidative stress. Increased expression of p35, generation of p25, and relocalization of Cdk5 activity are events likely to be critical for the death-promoting activity of Cdk5. This is supported by our data showing cleavage of p35 to generate p25 and nuclear accumulation of p25 during H 2 O 2 -tretament. The presence of nestin retains the Cdk5/p35 complex in cytoplasm, increases the stability of p35, and reduces generation of p25. Hence, nuclear localization of Cdk5, mediated by the generation of p25 could be the basis of cytotoxic action of Cdk5 and the presence of a nestin scaffold prevents this action by increasing the stability of p35 and sequestering Cdk5 activity in the cytoplasm. Recently, O'Hare and colleagues (2005) implicated that nuclear localization of Cdk5 activity would be toxic whereas cytoplasmic Cdk5 activity would have a protective effect. We show that scaffolding of the p35/Cdk5 complex by nestin prevents the generation of p25 and shifts the balance between a protective p35/Cdk5 complex and a toxic p25/Cdk5 complex. Hence, our results demonstrate nestin downregulation as being one important factor in the cascade of events leading to aberrant Cdk5 activation and cell death.
Nestin as a signaling scaffold for Cdk5
IFs provide a scaffold for different signaling molecules (Toivola et al, 2005) and alterations in the normal subunit stochiometry and composition of IFs affect the signaling pathways that these molecules are involved in. The role of nestin as a signaling scaffold for Cdk5 and the need for proper regulation of the interaction between nestin and Cdk5 are clearly manifested by the effects of stabilized nestin fragments on p35 distribution and turnover. p35 is a shortlived protein with a rapid turnover, and phosphorylation of p35 by the activated Cdk5 plays an autoregulatory role in the ubiquitin-mediated proteolysis of p35 (Patrick et al, 1998) . Although the overall Cdk5 activity was not affected in cells overexpressing the partially soluble truncated nestin mutants, the intracellular localization of the Cdk5/p35 complex was changed. Moreover, the stabilized nestin had also a marked effect on the p35 ubiquitylation and turnover, demonstrating that nestin expression and distribution together with Cdk5 activity will determine the sequestration and turnover of p35. Recent data have shown that the phosphorylation state and thereby the proteolytic processing and turnover of p35 are altered during postnatal brain development, although Cdk5 displays the same activity (Saito et al, 2003) . These observations indicate that, apart from Cdk5, there are other factors with the capacity to regulate p35 turnover.
Our study shows that, in contrast to vimentin, nestin downregulation is not caspase-dependent but a consequence of proteasome-mediated degradation. We have preliminary data to indicate that the degradation of nestin is an actively regulated process, involving both ubiquitylation and phosphorylation (Tao He, Cecilia Sahlgren, Adolfo Rivero-Muller, Mikko Nieminen, Hanna-Mari Pallari and John E Eriksson, unpublished results), implying that both the regulator (p35) and the scaffold (nestin) of the signaling complex would be controlled by orchestrated phosphorylation and ubiquitylation. Inhibition of Cdk5 activity during oxidative stress protected nestin from degradation, pointing to a possible involvement of Cdk5 in regulation of nestin turnover. Whether this occurs directly by Cdk5-dependent regulation of nestin turnover, for example, by targeting nestin for ubiquitylation and proteasomal degradation, or whether the regulation is indirect is not known. The possible direct involvement of Cdk5 in regulating nestin degradation is consistent with the observation that the nestin mutants lacking the Cdk5 specific phosphorylation site thr-1495 are significantly more stable than the full-length nestin. Future studies aim at elucidating the degradation mechanisms, and the involvement of Cdk5 in regulating nestin turnover both in the context of oxidative stress and also during myogenic differentiation where a similar interplay between nestin and Cdk5 occurs (Sahlgren et al, 2003) .
Based on our previous results (Sahlgren et al, 2003) and the results in the present study, the interaction between nestin and Cdk5 involves three different regulatory modes: (i) spatial sequestration of Cdk5 to nestin-confined areas, (ii) dynamic turnover of the nestin-Cdk5/p35 complex, involving phosphorylation of nestin by the activated Cdk5/p35 complex with subsequent release of the complex from nestin and degradation of p35, and (iii) degradation or downregulation of nestin (possibly involving Cdk5), which comprises a negative regulatory loop to abrogate the inhibitory/targeting effects of the nestin scaffold.
Context-dependent roles for the nestin-Cdk5 interaction
The present study shows that the formation of a nestin/Cdk5 complex is important in targeting and regulation of the Cdk5/ p35 signaling complex. While the Cdk5/nestin equilibrium was a survival-determinant in the cell model used in the present study, the Cdk5-nestin interplay could be employed also for other purposes. An inverse relationship between nestin levels and Cdk5 activity, analogous to our study, has also been observed during neuronal (Lendahl et al, 1990; Tsai et al, 1993) and muscle (Sejersen and Lendahl, 1993; Lazaro et al, 1997; Fu et al, 2002) differentiation, when nestin is downregulated and Cdk5 is activated upon terminal differentiation. A close spatiotemporal association between nestin and Cdk5 is also observed in the adult at the NMJs and the MTJs (Vaittinen et al, 1999) . Cdk5 was recently shown to be involved in neuromuscular synapse formation providing the negative signal dispersing Acetylcholine receptor (AchR) clusters that are not stablized by agrin produced by the inervating nerve terminal (Lin et al, 2005 ). As we have previously shown that nestin is associated with Cdk5 in NMJ (Sahlgren et al, 2003) and that nestin is redistributed together with AchRs after denervation of muscle tissue (Vaittinen et al, 1999) , it seems likely that nestin could be involved in the Cdk5-mediated equilibrium that will determine stabilization versus dispersion of AchR clusters. It is tempting to speculate that nestin may function as a scaffolding protein for AchRs, regulating the stability of AchR clusters, through its ability to target Cdk5 activity. On the other hand, Cdk5 could regulate the assembly of the scaffold through specific phosphorylation of nestin (Sahlgren et al, 2003) . Furthermore, coexpression of Cdk5 and nestin occurs at the growth cones of migrating neurons (Yan et al, 2001) . The association between nestin and Cdk5 at these distinct localizations is a likely mechanism for targeting Cdk5 and to constrain both regulation and activity to limited areas.
Taken together, our data imply that nestin is a survival determinant during oxidative stress whose action is based upon a novel mode of Cdk5/p35 regulation, affecting the targeting, activity, and stability of this signaling complex. The concept of nestin as a potent survival determinant has important ramifications into understanding the regulation of cell survival during neuronal and muscle development and regeneration.
Materials and methods

Cell cultures, treatments, and transfection
Immortalized CNS ST15A precursor cells were cultured as previously described (Sahlgren et al, 2003) . For transfections the following constructs were used: HA-tagged ubiquitin (Treier et al, 1994 ; kindly provided by Dirk Bohmann, EMBL, Heidelberg, Germany), GFP-tagged nestin constructs including the first 314 (nest-314), 640 (nest-640), 1177 (nest-1177), and 1893 (nest-1893, corresponding to the full-length nestin) amino acids of the rat glioma nestin sequence. In addition, the last 332 amino-acid residues of the C-terminal (nest-T332) of the tail domain of hamster nestin sequence (all cDNAs were cloned into pEGFP-C1 vector); wild-type Cdk5, p35, and dominant-negative Cdk5 (all cDNAs cloned into pcDNA3.1His vector expressing a His 6 tag and aXpress epitope; kindly provided by Dr. Harish Pant, National Institutes of Health). Cells were transfected by electroporation as previously described (Sahlgren et al, 2003) . Cycloheximide CHX (30 mg/ml) (Sigma) was used to inhibit protein synthesis and 20 mM MG-132 (Peptide institute, Inc.) to inhibit proteosome function and 20 mM Z-VAD to inhibit caspases. Oxidative stress was induced by 100 mM of H 2 O 2 . 'Mitotic shake-off' (which is typically used to collect mitotic rounded-up cells) was used to collect apoptotic and preapoptotic cells. The cell culture flask was tapped 20 times against a pile of tissue paper, the medium containing the detached cells was collected, cell culture flasks were rinsed with twice with PBS to collect the remaining detached cells, and the detached cells were pelleted by centrifugation.
Plasmid constructs for RNA interference transfections
The pSUPER vector (Oligoengine) was utilized for nestin knockdown experiments using the specific nestin sequence, CTCTCCCTGACTCTACTCC (Brummelkamp et al, 2002) . The nestin siRNA vector was generated according to the manufacturer's protocol. The scrambled sequence that was used as a control does not correspond to any known gene in the databases, and has the following sequence: GCGCGCTTTGTAGGATTCG.
Separation of IF fractions following extraction of cells with Triton X-100
Transfected ST15A cells were lysed in Triton X-100 lysis buffer containing 25 mM HEPES, pH 7.6, 100 mM NaCl, 5 mM MgCl 2 , 5 mM EGTA, 0.5% Triton X-100, and complete protease inhibitor cocktail (Roche) for 30 min on ice. Cell lysates were separated into insoluble and soluble pools by centrifugation at 15 000 g at 41C for 40 min. The supernatant and pellet fractions were resuspended in Laemmli sample buffer and analyzed by SDS-PAGE.
Immunofluorescence and Western blotting
Immunofluorescence with ST15A cells was performed as previously described (Sahlgren et al, , 2003 . Cells were labeled with antibodies against p35/p25 (C-19) and p35 (N-20, Santa Cruz Biotechnologies). Images were collected using a Zeiss LSM 510 META laser scanning confocal microscope (Zeiss, Jena, Germany) configured on an inverted Axiovert 200 M stand (Zeiss) equipped with a Plan-Apochromat Â 63/1.4 oil DIC objective. Images are maxprojections generated from 8 to 12 (0.8-1 mm thick) z-sections using Zeiss LSM 3.0 software. For phase contrast cells were analyzed in a Zeiss Axiovert 200 widefield microscope. Western blotting were performed according to standard protocols described previously (Sahlgren et al, , 2003 .
Kinase assay
Cells were lysed in IP buffer (PBS pH 7.4, 1% NP40, 0.5% sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, 20 mM NaF, 1 mM PMSF, complete protease inhibitor cocktail, and 0.5 mM DTT) for 30 min on ice. To obtain a crude WCE, samples were homogenized eight times with 26 G needle, and centrifuged at 14 000 r.p.m. for 15 min at 41C. The protein concentration was determined using the Bradford assay, and the samples were normalized accordingly. For kinase assays of fractionated lysates, cells were lysed in fractionation buffer with 0.5% Triton X-100 for 30 min on ice, centrifuged 15000 g at 41C for 40 min, and the supernatant was collected as the soluble fraction. Immunoprecipitation of Cdk5 and kinase reaction was performed as previously described (Sahlgren et al, 2003) .
Co-immunoprecipitation
For immunoprecipitation of HA-ubiquitin, cells were treated with or without 20 mM MG-132 and lysed in lysis buffer (25 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 20 mM b-glycerophosphate, 20 mM para-nitro-phenyl phosphate, 1 mM PMSF, 1 mM DTT, protease inhibitor cocktail, 5 mM MG-132, and 20 mM N-ethylmaleimide). The immunocomplex was retained by protein G Sepharose beads (Amersham Biosciences) precoupled with anti-HA antibody (Santa Cruz Biotechnology). For immunoprecipitation of Cdk5, ST15A cells transfected with GFP-tagged nestin peptides were lysed in RIPA buffer (20 mM HEPES, pH 7.4, 140 mM NaCl, 10 mM pyrophosphate, 5 mM EDTA, 0.4% NP-40, 100 mM PMSF, and protease inhibitor cocktail) for 30 min on ice. The lysates were lightly sonicated and centrifuged 10 000 r.p.m. for 10 min. The supernatant was precleared with protein A sepharose beads, followed by Cdk5 immunoprecipitation with a polyclonal Cdk5 antibody (Santa Cruz). and captured by protein A sepharose. For immunoprecipitation of p35, ST15A cells were transfected with nest-640, p35 and Cdk5 before H2O2 treatment. At indicated time points, medium containing dead cells was discarded and living cells still attached to the plate were lysed in lysis buffer containing 50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.05% SDS, 5 mM EDTA, 5 mM EGTA, and protease inhibitor cocktail. Lysates were centrifugated for 15 000 g 10 min at 41C. The supernatant was precleared with protein A sepharose beads following immunoprecipitation with p35 C-19 and N-20 antibodies (Santa Cruz).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
